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Abstract
We report on measurements of e+e− annihilation into hadrons and lepton pairs.
The data have been collected with the L3 detector at LEP at centre-of-mass ener-
gies between 130 and 189 GeV. Using a total integrated luminosity of 243.7 pb−1,
25864 hadronic and 8573 lepton-pair events are selected for the measurement of
cross sections and leptonic forward-backward asymmetries. The results are in good
agreement with Standard Model predictions.
Submitted to Phys. Lett. B
1 Introduction
We report on the results of measurements of fermion-pair production above the Z pole, based on
data collected using the L3 detector at LEP in 1997 and 1998 at centre-of-mass energies
√
s =
182.7 GeV and
√
s = 188.7 GeV, respectively. Data corresponding to integrated luminosities
of 55.5 pb−1 and 176.2 pb−1 were collected, leading to much improved statistics compared to
our previous publications [1, 2] based on data from 1995 and 1996. In addition, in 1997, small
amounts of data, 3.4 pb−1 and 3.6 pb−1, were collected at the same centre-of-mass energies
as in 1995, 130.0 GeV and 136.1 GeV, respectively. The measurements made on these data
samples are combined with those resulting from a re-analysis of the previous data, superseding
the results obtained in Reference [1].
In this article we report on measurements of the fermion pair production reactions:
e+e− → hadrons(γ) , e+e− → µ+µ−(γ) , e+e− → τ+τ−(γ) , e+e− → e+e−(γ) .
In these reactions, the (γ) indicates the possible presence of additional photons or low invariant-
mass fermion pairs.
For a substantial fraction of the events initial-state radiation, ISR, lowers the initial centre-
of-mass energy to an effective centre-of-mass energy of the annihilation process,
√
s′. When√
s′ is close to the Z mass, mZ, the events are classified as radiative returns to the Z. A cut on√
s′ allows a separation between events at high effective centre-of-mass energies (so-called high-
energy events), and radiative returns to the Z. Cross sections are measured for all processes
and forward-backward asymmetries are measured for the lepton channels and are compared
to predictions of the Standard Model [3, 4], both for the high-energy sample and for a larger,
inclusive sample including also the radiative returns to the Z. Kinematic cuts have been changed
with respect to our previous publication [2]. The corresponding results of the cross section and
forward-backward asymmetry measurements have been included, with corrections for these
changes applied.
Similar studies on the data taken at centre-of-mass energies between 182.7 GeV and 188.7 GeV
have been published by other LEP collaborations [5].
2 Analysis Method
The data were collected using the L3 detector described in References [?, 6]. For the s-channel
processes, the inclusive event sample is defined by requiring
√
s′ > 60 GeV for hadronic events
and
√
s′ > 75 GeV for lepton-pair events, to reduce uncertainties on radiative corrections in
extrapolating to low
√
s′ values. The high-energy sample is defined by requiring
√
s′ > 0.85
√
s.
Using the sum of all ISR photon or pair energies, Eγ , and momentum vectors, Pγ, the s
′
value is given by:
s′ = s− 2Eγ
√
s+ E2
γ
−P2
γ
. (1)
For most of the events initial-state radiation is along the beam pipe and is not detected. In
this case a single photon is assumed to be emitted along the beam axis; its energy is determined
from the event kinematics. The
√
s′ value is estimated using Equation 1. The effect of multiple
photon and final-state radiation on the
√
s′ calculation has been studied using Monte Carlo
programs and is corrected for. The treatment of photons observed in the detector is addressed
in the sections describing the individual analyses. Mis-reconstruction of the effective centre-of-
mass energy induces a migration of events between the kinematic regions allowed and excluded
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by the cut on
√
s′. This is taken into account in the efficiency determination and as an additional
background, denominated as ISR contamination.
Bhabha scattering at high energies is dominated by t-channel photon exchange, and hence a
cut on s′ is less natural. Instead, a cut is applied on the acollinearity angle, ζ , of the final-state
e+ and e−. In this case, the inclusive and high-energy samples are defined by requiring ζ < 120◦
and ζ < 25◦, respectively.
Selection efficiencies and backgrounds are determined by Monte Carlo simulations for each
centre-of-mass energy using the following event generators: BHLUMI [8] (small-angle Bhabha
scattering); PYTHIA [9] (e+e− → hadrons(γ), ZZ(γ), Zee(γ), Weν(γ)); KORALZ [10] (e+e− →
µ+µ−(γ), e+e− → τ+τ−(γ)); BHAGENE [11] and BHWIDE [12] (large-angle Bhabha scatter-
ing); TEEGG [13] (e+e− → e+e−γ(γ)); GGG [14] (e+e− → γγ(γ)); PHOJET [15] (hadronic
two-photon collisions); DIAG36 [16] (e+e− → e+e−µ+µ−, e+e−τ+τ−, e+e−e+e−); FERMISV [17]
(e+e− → e+e−f f¯); KORALW [18] (e+e− → W+W−(γ)); and EXCALIBUR [19] (e+e− →
qq¯′eν(γ), e+e− → e+e−e+e−).
The measurements are compared to the predictions of the Standard Model as calculated
using the ZFITTER [20] and TOPAZ0 [21] programs with the following parameters [22–26]:
mZ = 91.190 GeV, αs(m
2
Z) = 0.119, mt = 173.8 GeV, ∆α
(5)
had = 0.02804, and mH = 150 GeV.
The theoretical uncertainties on the Standard Model predictions are estimated to be below
1% [27] except for the predictions for large angle Bhabha scattering which have an uncertainty
of 2% [28].
2.1 Initial-final state interference in s-channel processes
In the presence of interference between initial- and final-state radiative corrections, the effective
centre-of-mass energy, in contrast to the acollinearity angle, is not well-defined. Moreover, for
the s-channel processes, unlike for Bhabha scattering, these contributions are not included in
the Monte Carlo samples used to estimate efficiencies. Their effect is expected to be largest
for the high-energy µ+µ− and τ+τ− samples, affecting cross sections by up to 2% and forward-
backward asymmetries by up to 0.02. The following approach is used in the analysis of the
s-channel processes.
Cross sections are first determined disregarding this effect. This allows the use of existing
Monte Carlo programs without modifications. Corrections are subsequently applied using the
Standard Model predictions for the interference contributions, folded with the selection effi-
ciency, ǫ, as a function of the fermion-pair invariant mass, mf f¯ , and the scattering angle of the
anti-fermion, cos θ. This leads to an additive correction:
σf f¯ → σf f¯ −
1
ǫ
∫ 1
−1
dcos θ
∫ √
s
√
s′
dmf f¯ ǫ(cos θ,mf f¯)
d2σintf
dcos θ dmf f¯
, (2)
where d2σintf/dcos θ dmf f¯ is the differential interference contribution to the cross section as
calculated using the ZFITTER program. The corrections applied range between 0.1% for the
hadronic cross section and 1.3% for the leptonic cross sections.
The forward-backward asymmetries for the high-energy samples are obtained as the result
of an unbinned maximum-likelihood fit to the polar angular distribution in the Born approxi-
mation, to which is added a term representing the differential interference cross section:
1
σf f¯
dσf f¯
dcos θ
=
3
8
(1 + cos2 θ) + Afb cos θ +
1
ǫ(cos θ)σf f¯
∫ √
s
√
s′
dmf f¯ ǫ(cos θ,mf f¯)
d2σintf
dcos θ dmf f¯
. (3)
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For the inclusive sample, initial-state radiation distorts the angular distribution, such that
the Born approximation in Equation 3 is not appropriate. Instead, the forward-backward
asymmetry is obtained directly from the differential cross section and extrapolated to the full
solid angle using the ZFITTER program. The differential cross section is corrected analogously
to Equation 2. The correction is largest for the asymmetry of the high-energy samples, ranging
between 0.004 and 0.010.
2.2 Pair corrections
Besides the emission of ISR photons, also the emission of initial-state pairs can lower the
effective centre-of-mass energy of the scattering process. This gives rise to a non-negligible
contribution to the inclusive cross section (approximately 1.5% for all s-channels as estimated
using the ZFITTER program) when radiative returns to the Z are included in the signal defi-
nition. To allow for a proper comparison between experimental measurements and theoretical
predictions, these radiative corrections are included in the fermion-pair signal definition.
To calculate the effect of this signal contribution on the overall efficiency, and to estimate
the background contributions leading to the same four-fermion final states, events are generated
using the DIAG36 program. As this program includes only photon exchange, the events are
reweighted to include the effects of Z exchange using the matrix element calculation of the
FERMISV program. The selection efficiencies are obtained by combining those estimated from
the separate Monte Carlo samples regarded as signal, weighted with their respective cross
sections as estimated using the ZFITTER program. As these Monte Carlo programs do not
yield a correct description of low-mass hadronic pairs, the efficiency for events with hadronic
pairs is taken to be that for the events with lepton pairs. A 20% uncertainty is assigned to this
efficiency, resulting in an uncertainty less than 0.2% on the overall efficiency.
Because of the large number of diagrams involved, this approach is less straightforward
in the case of Bhabha scattering. Since the relative pair correction is estimated [29] to be
significantly smaller than for the s-channel processes, its effect on the selection efficiency is
neglected and no correction is applied.
3 Analysis and Results
3.1 Integrated luminosity
The luminosity is measured using small-angle Bhabha scattering [?]. A tight fiducial volume
cut, 34 mrad < θ < 54 mrad and |90◦ − φ| > 11.25◦, |270◦ − φ| > 11.25◦, is imposed on
the coordinates of the highest-energy cluster on one side. The highest-energy cluster on the
opposite side should be contained in a looser fiducial volume, 32 mrad < θ < 65 mrad and
|90◦ − φ| > 3.75◦, |270◦ − φ| > 3.75◦. This method reduces the theoretical uncertainty.
The experimental systematic uncertainties originate from the event selection criteria, 0.10%,
and from the detector geometry, 0.05%. The Monte Carlo statistics result in an uncertainty of
0.07%, yielding a total experimental systematic uncertainty of 0.13%. In addition, a theoretical
uncertainty of 0.12% [30] is assigned to the BHLUMI generator, resulting in a total uncertainty
of 0.18%.
4
3.2 e+e− → hadrons(γ)
Event selection
Events are selected by restricting the visible energy, Evis, to 0.4 < Evis/
√
s < 2.0. The lon-
gitudinal energy imbalance must satisfy |Elong|/Evis < 0.7. The reconstructed energies do not
include isolated electromagnetic energy depositions with an energy greater than 10 GeV. These
cuts reject most of the background from two-photon collision processes.
In order to reject background originating from lepton pair events, more than 18 calorimetric
clusters with an energy exceeding 300 MeV each are requested.
The W-pair production background is reduced by applying the following cuts. Semi-leptonic
W-pair decays are rejected by requiring the transverse energy imbalance to be smaller than 0.3
Evis. The background from hadronic W-pair decays is reduced by rejecting events with at least
four jets each with energy greater than 15 GeV. The jets are obtained using the JADE [31]
algorithm with a fixed jet resolution parameter ycut = 0.01.
Figure 1a shows the distribution of the visible energy normalised to the centre-of-mass
energy for hadronic final state events selected at 189 GeV. The observed peak structure of the
signal arises from the high-energy events and from the radiative returns to the Z.
As an additional cross-check, an alternative selection is performed using an artificial neural
network technique [32] instead of the cuts described above. The results obtained using the two
selection methods are compatible with each other.
To reconstruct the effective centre-of-mass energy, two different methods are used. In the
first method, all events are reclustered into two jets using the JADE algorithm. A single photon
is assumed to be emitted along the beam axis and to result in a missing momentum vector.
From the polar angles of the jets, θ1 and θ2, the photon energy is then estimated as:
Eγ =
√
s · | sin(θ1 + θ2)|
sin θ1 + sin θ2 + | sin(θ1 + θ2)| . (4)
The second method uses the clustered jets obtained using the JADE algorithm with a fixed
cut, ycut = 0.01. A kinematic fit is performed assuming the emission of either zero, one, or
two photons along the beam axis. The hypothesis of the smallest number of photons yielding
a probability of the kinematic fit larger than 8.5% is used. The cross sections are estimated as
the average of the results obtained using the two methods. A systematic uncertainty on the√
s′ reconstruction, equal to half their difference, is assigned.
For about 10% of the events, a high-energy cluster is detected in the electromagnetic
calorimeter. It is selected as described above and is assumed to be a photon. Its energy
and momentum are added to the undetected ISR photons. The effective centre-of-mass energy
is then calculated using Equation 1.
Figure 2a shows the reconstructed
√
s′ distribution, based on the reconstruction using the
jet angles, for hadronic final state events.
Cross section
Selection efficiencies and background contributions are listed, for the
√
s′ reconstruction method
using the jet angles, in Table 1. The selected sample contains a background from hadronic two-
photon collision processes, W-, Z- and tau-pair production and e+e− → Ze+e−(γ) events. The
two-photon background is estimated by adjusting the Monte Carlo to the data in a two-photon
enriched sample.
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The numbers of selected events, the total cross sections for the different event samples,
and the corresponding statistical and systematic uncertainties are listed in Table 2, together
with our previous published measurements [2]. The systematic uncertainties are dominated by
the uncertainty on the
√
s′ determination and are correlated between different centre-of-mass
energies. In Figure 3 the cross section measurements are shown and compared to the Standard
Model predictions.
3.3 e+e− → µ+µ−(γ)
Event selection
The event selection for the process e+e− → µ+µ−(γ) follows that of Reference [2]. Two muons
are required within the polar angular range | cos θ| < 0.9. For the data taken at 183 GeV
the angular range is restricted to | cos θ| < 0.81. At least one muon must be measured in the
muon spectrometer, and have a momentum greater than 35 GeV. This reduces substantially the
background from e+e− → e+e−µ+µ− interactions whilst ensuring a high acceptance for events
with hard ISR photons.
Background from cosmic muons is reduced using both scintillation counter time information
and the distance of the muon tracks from the beam axis. The number of accepted cosmic muon
events is estimated by extrapolating the corresponding sideband distributions to the signal
region. Figure 1b shows the distribution of the maximum muon momentum normalised to
Ebeam for events selected at 189 GeV.
The
√
s′ value for each event is determined using Equation 1 assuming the emission of a
single ISR photon. In case a photon is detected in the electromagnetic calorimeter it is required
to have an energy greater than 15 GeV and an angular separation to the nearest muon of more
than 10 degrees. Otherwise the photon is assumed to be emitted along the beam axis and its
energy is calculated from the polar angles of the outgoing muons according to Equation 4. The
distribution of the reconstructed
√
s′ for events selected at 189 GeV is shown in Figure 2b.
Cross section
Selection efficiencies and background contributions are listed in Table 1. The main background
contributions are from the reactions e+e− → e+e−µ+µ−, e+e− → τ+τ−(γ) and from W-pair
production.
Table 2 summarises the numbers of selected events, the resulting cross sections, and their
statistical and systematic uncertainties for the two event samples at the various centre-of-mass
energies. The main contributions to the systematic uncertainties originate from the background
subtraction and from the acceptance correction. Figure 4 shows the comparison to the Standard
Model prediction.
Forward-backward asymmetry
The forward-backward asymmetry is determined using events with two muons with opposite
charge and an acollinearity angle smaller than 90 degrees.
For the high-energy sample, the angular distribution of the events is parametrised according
to Equation 3. The asymmetry, Afb, is determined from an unbinned maximum-likelihood fit
of this parametrisation to the data within the fiducial volume. The muon charge is measured
as described in Reference [2]. The charge confusion per event, ranging between 0.2% and
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0.7%, is taken into account in the fit procedure. The asymmetries for the accepted background
contributions are estimated using the same method and are corrected for. The corrections range
between 0.045 and 0.059.
For the inclusive event sample the differential cross section is distorted by hard ISR photons.
Therefore, Afb is computed directly from the differential cross sections obtained within the
fiducial volume. To obtain the asymmetry for the full solid angle an extrapolation factor is
calculated using the ZFITTER program. It ranges between 1.10 for the 183 GeV data and 1.03
for the 189 GeV data.
Table 3 summarises the numbers of forward and backward events, the forward-backward
asymmetry measurements, and their statistical and systematic uncertainties. The main con-
tributions to the systematic uncertainty are the uncertainties on the backgrounds and on the
momentum reconstruction. Figure 4 shows the comparison of the corrected asymmetries to the
Standard Model prediction. Table 4 lists the differential cross sections at 183 GeV and 189
GeV, compared to their Standard Model predictions. The 189 GeV distributions are displayed
in Figure 5.
3.4 e+e− → τ+τ−(γ)
Event selection
Taus are identified as narrow, low multiplicity jets, containing at least one charged particle.
Tau jets are formed by matching the energy depositions in the electromagnetic and hadron
calorimeters with tracks in the central tracker and the muon spectrometer. Events containing
two jets within the polar angular range | cos θ| < 0.92 are accepted. The reconstruction of√
s′ follows the procedure described in Section 3.3 using the polar angles of the two tau jets,
requiring at least 10 GeV for observed photons.
Hadronic events are removed by requiring at most 16 calorimetric clusters with an energy
exceeding 100 MeV each and at most 9 tracks in the central tracker. Events containing two
electrons or two muons are rejected. Electrons are identified by a cluster in the electromag-
netic calorimeter with an energy greater than 2.5 GeV and an electromagnetic shower shape,
a matched track, and less than 2.5 GeV deposited in the hadron calorimeter. Muons are iden-
tified by a track in the muon spectrometer and a minimum-ionising particle signature in the
calorimeters. Bhabha events are further rejected by requiring the electromagnetic energy of the
highest-energy jet and the other jet to be less than 0.375
√
s′ and 0.25
√
s′, respectively. In
addition, the acoplanarity of the two jets must be larger than 0.2 degrees.
To reject background from two-photon collision processes the most energetic jet must have
an energy greater than 0.24 Ebeam. The distribution of this quantity is shown in Figure 1c for
the data taken at 189 GeV. The energy of reconstructed muons is required to be less than 0.4√
s′. To reject leptonic final states from W-pair production the acoplanarity of the two tau jets
must be less than 10 degrees. Background from cosmic muons is reduced using both scintillation
counter information and the distance of the muon tracks from the beam axis. Figure 2c shows
the reconstructed
√
s′ distribution for the data taken at 189 GeV.
Cross section
Selection efficiencies and background contaminations are listed in Table 1. The numbers of
selected events, as well as the cross sections and corresponding statistical and systematic un-
certainties for the different event samples, are listed in Table 2. The systematic uncertainties
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originate mainly from uncertainties in the event selection, in particular on the rejection of
Bhabha events. Figure 4 shows the comparison to the Standard Model prediction.
Forward-backward asymmetry
For the high-energy sample, the forward-backward asymmetry is determined using an unbinned
maximum-likelihood fit of Equation 3 to events with unambiguous charge assignment. The
background from other final states and from events with hard ISR photons is corrected for in
the fit procedure. The fitted asymmetry is corrected for charge confusion. For the inclusive
sample, the forward-backward asymmetry is determined from the differential cross section as
described in Section 3.3. For both the inclusive and high-energy samples, the charge confusion
per event is estimated, from the data, to be less than 0.5%.
Table 3 lists the number of forward and backward events and the results of the asymmetry
measurements. Figure 4 shows the comparison of the measured asymmetries to their Stan-
dard Model predictions. Table 4 lists the differential cross sections at 183 GeV and 189 GeV,
compared to their Standard Model predictions. The 189 GeV distributions are displayed in
Figure 5.
3.5 e+e− → e+e−(γ)
Event selection
Electron candidates are recognised by an energy deposition in the electromagnetic calorimeter
with at least 15 associated hits in the central tracking chamber within a three degree azimuthal
angular range.
Bhabha events are selected by requiring the two highest energy electron candidates to be
contained in the polar angular range 44◦ < θ < 136◦, and to have an energy greater than
0.5Ebeam and 15 GeV, respectively. Figure 1d shows the energy of the highest energy electron
candidate, normalised to the beam energy for events selected at 189 GeV.
The acollinearity angle is calculated from the directions of the two electrons. Its distribution
is shown in Figure 2d for events selected at 189 GeV.
Cross section
The selection efficiencies within the fiducial volume and the background contributions are listed
in Table 1. The background is dominated by tau-pair production. Table 2 lists the numbers
of selected events, and the measured cross sections with their statistical and systematic un-
certainties, for the various centre-of-mass energies. The systematic errors are dominated by
uncertainties on the event selection. The cross sections are compared to their Standard Model
prediction in Figure 6.
Forward-backward asymmetry
The forward-backward asymmetry is extracted from the differential cross section. The selection
criteria for electron candidates are tightened to improve the charge determination. The elec-
tron direction is obtained from both tracks in the event. The charge confusion probability is
determined [22] from the data to be (2.8±0.3)% for the 130–136 GeV data, (4.3±0.3)% for the
183 GeV data, and (5.1±0.2)% for the 189 GeV data, and is corrected for in the determination
of the differential cross section. The validity of the method has been verified using a sample
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of dimuon events collected at the Z pole in 1995, for which the charge is measured precisely in
the muon spectrometer.
Table 3 summarises the numbers of forward and backward events and the asymmetry mea-
surements. The systematic error on the asymmetry measurements is dominated by the uncer-
tainty on the charge confusion. Figure 6 shows the comparison of the measured asymmetries
to their Standard Model predictions. Table 5 lists the differential cross sections for the high-
energy samples at 183 GeV and 189 GeV, compared to their Standard Model predictions. The
189 GeV distribution is displayed in Figure 7.
4 Summary and Conclusion
Based on an integrated luminosity of 243.7 pb−1 collected at centre-of-mass energies between
130.0 GeV and 188.7 GeV, we select 25864 hadronic and 8573 lepton-pair events. The data are
used to measure cross sections and leptonic forward-backward asymmetries. The measurements
are performed for the inclusive event sample and for the high-energy sample. The results are
in good agreement with Standard Model predictions.
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inclusive (%) high energy (%)√
s (GeV) 130.0 136.1 182.7 188.7 130.0 136.1 182.7 188.7
e+e−→ hadrons(γ)
Selection Efficiency 97.4 97.2 90.0 89.2 93.7 93.8 88.2 88.1
Two Photon Background 1.8 1.8 2.5 2.8 1.4 1.8 1.8 1.9
W+W− Background — — 4.4 5.2 — — 6.9 8.1
Other Background 0.2 0.2 1.3 1.4 0.3 0.4 0.9 1.1
ISR Contamination 0.2 0.1 0.2 0.2 17.7 17.0 11.4 11.2
e+e−→ µ+µ−(γ)
Selection Efficiency 68.6 65.9 47.4 61.4 78.8 73.8 63.9 75.4
Two Photon Background 2.0 2.8 4.8 10.0 0.8 1.5 1.8 2.9
W+W− Background — — 0.7 2.9 — — 0.5 2.5
Cosmic Background 0.9 1.1 2.0 0.5 0.9 2.4 1.8 0.4
Other Background 0.4 0.7 2.8 2.8 0.2 0.1 1.2 1.3
ISR Contamination 0.4 0.4 0.4 0.3 8.0 6.7 4.1 4.2
e+e−→ τ+τ−(γ)
Selection Efficiency 45.9 38.7 35.2 34.8 51.0 45.0 47.2 47.3
Two Photon Background 2.3 2.1 7.2 7.4 1.3 1.2 2.6 2.2
Other Background 3.0 5.5 4.8 7.2 2.2 3.7 3.7 5.8
ISR Contamination 0.5 0.5 0.5 0.4 7.6 7.3 5.2 5.2
e+e−→ e+e−(γ)
Selection Efficiency 97.9 97.6 96.4 97.5 98.0 97.6 95.9 97.1
τ+τ− Background 1.3 1.5 1.3 1.3 1.1 1.4 1.3 1.3
Other Background 0.6 1.1 1.2 1.3 0.6 0.5 0.7 0.6
Table 1: Selection efficiencies and background fractions for the inclusive and the
high-energy event samples of the reactions e+e− → hadrons(γ), e+e− → µ+µ−(γ),
e+e− → τ+τ−(γ) and e+e− → e+e−(γ). For Bhabha scattering the selection effi-
ciencies are given for 44◦ < θ < 136◦.
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inclusive high energy√
s (GeV) L (pb−1) Nsel σ (pb) σSM (pb) Nsel σ (pb) σSM (pb)
e+e−→ hadrons(γ)
130.0 6.1 1972 326.0± 7.5±1.9 329.5 632 84.2± 4.4±1.0 83.5
136.1 5.8 1571 274.4± 7.0±1.8 272.0 460 66.6± 3.9±0.8 66.9
161.3 10.0 1542 152.5± 4.1±1.7 151.8 423 37.3± 2.2±0.7 35.4
172.3 8.5 1064 121.2± 4.1±1.3 124.5 248 28.2± 2.2±0.6 28.8
182.7 54.9 5626 105.2± 1.5±0.5 105.7 1505 24.7± 0.8±0.4 24.3
188.7 173.4 16695 98.2± 0.8±0.4 96.9 4517 23.1± 0.4±0.3 22.2
e+e−→ µ+µ−(γ)
130.1 6.1 91 21.0± 2.3±1.0 20.9 44 8.2± 1.4±0.2 8.5
136.1 5.9 70 17.5± 2.2±0.9 17.8 33 6.9± 1.4±0.3 7.3
161.3 10.9 94 12.5± 1.4±0.5 10.9 41 4.59± 0.84±0.18 4.70
172.1 10.2 67 9.2± 1.3±0.4 9.2 32 3.60± 0.75±0.14 4.00
182.7 50.5 197 7.34± 0.59±0.27 7.90 111 3.09± 0.33±0.14 3.47
188.7 167.4 893 7.28± 0.29±0.19 7.29 420 2.92± 0.16±0.06 3.22
e+e−→ τ+τ−(γ)
130.1 6.1 66 22.1± 2.9±0.5 20.9 35 9.8± 1.9±0.3 8.5
136.1 5.9 43 17.1± 2.8±0.5 17.8 23 7.5± 1.8±0.3 7.3
161.3 9.8 45 10.4± 2.0±0.7 10.9 25 4.6± 1.1±0.3 4.7
172.1 9.7 45 11.0± 2.0±0.8 9.2 23 4.3± 1.1±0.3 4.0
182.7 55.5 174 7.77± 0.68±0.17 7.89 108 3.62± 0.40±0.06 3.47
188.7 176.8 527 7.27± 0.37±0.17 7.28 309 3.18± 0.21±0.07 3.22
e+e−→ e+e−(γ)
130.1 6.1 312 51.1± 2.9±0.2 56.5 274 45.0± 2.7±0.2 49.7
136.1 5.8 281 49.3± 2.9±0.2 50.9 248 43.6± 2.8±0.2 45.4
161.3 10.2 337 34.0± 1.9±1.0 35.1 289 31.1± 1.8±0.9 32.4
172.3 8.8 256 30.8± 1.9±0.9 30.3 207 26.7± 1.8±0.8 28.3
182.7 55.3 1506 27.6± 0.7±0.2 26.7 1385 25.6± 0.7±0.1 25.0
188.7 175.9 4413 25.1± 0.4±0.1 24.9 4097 23.5± 0.4±0.1 23.4
Table 2: Number of selected events, Nsel, measured cross sections, σ, statistical
errors and systematic errors and the Standard Model predictions, σSM, of the reac-
tions e+e− → hadrons(γ), e+e− → µ+µ−(γ), e+e− → τ+τ−(γ) and e+e− → e+e−(γ),
for the inclusive and the high-energy event samples. The systematic errors do not
include the uncertainty on the luminosity measurement. In the case of Bhabha
scattering, both leptons have to be inside 44◦ < θ < 136◦. The results for the
161–172 GeV data have been taken from Reference [2] and corrected using ZFIT-
TER (s-channel processes) and BHAGENE (Bhabha scattering) to correspond to
the kinematic cuts described in the text.
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inclusive high energy√
s (GeV) Nf Nb Afb A
SM
fb Nf Nb Afb A
SM
fb
e+e−→ µ+µ−(γ)
130.0 61 29 0.46± 0.13± 0.03 0.324 38 5 0.67+0.08− 0.11 ± 0.02 0.707
135.9 47 22 0.44± 0.15± 0.04 0.324 29 4 0.75+0.06− 0.11 ± 0.05 0.686
161.3 35 21 0.32+0.12− 0.14 ± 0.05 0.325 22 8 0.59+0.13− 0.17 ± 0.05 0.619
172.1 23 16 0.19+0.16− 0.17 ± 0.05 0.319 15 9 0.31+0.18− 0.21 ± 0.05 0.598
182.7 133 59 0.45± 0.10± 0.04 0.313 86 23 0.62+0.07− 0.09 ± 0.02 0.582
188.7 537 320 0.30± 0.04± 0.02 0.310 312 91 0.58± 0.04± 0.02 0.573
e+e−→ τ+τ−(γ)
130.1 36 17 0.42± 0.17± 0.03 0.324 22 3 0.78+0.10− 0.16 ± 0.02 0.707
136.1 26 10 0.53± 0.22± 0.01 0.325 18 2 0.96+0.10− 0.17 ± 0.03 0.686
161.3 15 12 0.19+0.19− 0.20 ± 0.10 0.325 12 4 0.97+0.03− 0.23 ± 0.10 0.619
172.1 16 16 0.10+0.18− 0.19 ± 0.10 0.319 9 7 0.18+0.25− 0.27 ± 0.10 0.598
182.7 96 52 0.26± 0.10± 0.01 0.313 62 29 0.53+0.10− 0.11 ± 0.03 0.582
188.7 275 144 0.23± 0.06± 0.02 0.310 177 72 0.44± 0.06± 0.02 0.573
e+e−→ e+e−(γ)
130.0 214 44 0.699± 0.047± 0.005 0.715 201 27 0.806± 0.043± 0.006 0.799
136.1 199 29 0.791± 0.044± 0.005 0.728 185 17 0.879± 0.039± 0.006 0.804
161.3 240 43 0.767± 0.049± 0.012 0.762 206 29 0.818± 0.046± 0.012 0.809
172.1 203 51 0.691± 0.058± 0.012 0.771 176 31 0.795± 0.056± 0.012 0.812
182.7 1020 207 0.728± 0.021± 0.004 0.773 972 162 0.778± 0.021± 0.004 0.813
188.7 3045 546 0.777± 0.012± 0.007 0.779 2912 443 0.819± 0.012± 0.003 0.815
Table 3: Number of forward, Nf , and backward events, Nb, forward-backward asym-
metries, Afb, statistical and systematic errors and the Standard Model predictions,
ASMfb , of the reactions e
+e− → µ+µ−(γ), e+e− → τ+τ−(γ) and e+e− → e+e−(γ) for
the inclusive and the high-energy event samples. In the case of Bhabha scattering,
both leptons have to be inside 44◦ < θ < 136◦. The results for the 161–172 GeV
data have been taken from Reference [2] and corrected using ZFITTER (s-channel
processes) and BHAGENE (Bhabha scattering) to correspond to the kinematic cuts
described in the text.
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cos θ range 182.7 GeV 188.7 GeV
µ+µ−(γ) τ+τ−(γ) SM µ+µ−(γ) τ+τ−(γ) SM√
s′ > 75 GeV
[-0.90,-0.70] 0.339±0.172 0.491±0.218 0.584 0.541±0.093 0.578±0.126 0.542
[-0.70,-0.50] 0.261±0.101 0.390±0.157 0.452 0.503±0.070 0.517±0.099 0.417
[-0.50,-0.30] 0.508±0.131 0.577±0.178 0.446 0.486±0.070 0.467±0.093 0.411
[-0.30,-0.10] 0.242±0.112 0.753±0.199 0.490 0.355±0.070 0.383±0.084 0.450
[-0.10, 0.10] 0.867±0.228 0.559±0.166 0.567 0.452±0.081 0.432±0.088 0.519
[ 0.10, 0.30] 0.443±0.143 0.461±0.155 0.677 0.740±0.087 0.619±0.098 0.620
[ 0.30, 0.50] 1.315±0.215 0.743±0.186 0.825 0.693±0.087 0.687±0.102 0.757
[ 0.50, 0.70] 0.769±0.161 0.853±0.200 1.035 1.004±0.101 0.916±0.117 0.950
[ 0.70, 0.90] 1.005±0.289 1.868±0.393 1.391 1.110±0.124 0.946±0.165 1.280√
s′ > 0.85
√
s
[-0.90,-0.70] 0.115±0.101 0.103±0.098 0.105 0.008±0.037 0.121±0.055 0.102
[-0.70,-0.50] 0.057±0.044 0.092±0.065 0.113 0.160±0.036 0.161±0.043 0.108
[-0.50,-0.30] 0.139±0.066 0.209±0.087 0.142 0.138±0.034 0.177±0.045 0.134
[-0.30,-0.10] 0.080±0.049 0.328±0.108 0.191 0.111±0.032 0.145±0.042 0.179
[-0.10, 0.10] 0.396±0.127 0.272±0.101 0.262 0.193±0.050 0.228±0.055 0.243
[ 0.10, 0.30] 0.190±0.078 0.255±0.099 0.353 0.393±0.056 0.328±0.061 0.326
[ 0.30, 0.50] 0.703±0.139 0.375±0.119 0.464 0.383±0.056 0.382±0.067 0.429
[ 0.50, 0.70] 0.427±0.111 0.529±0.143 0.597 0.521±0.066 0.460±0.075 0.551
[ 0.70, 0.90] 0.415±0.164 1.079±0.299 0.752 0.569±0.079 0.450±0.113 0.694
Table 4: Cross sections (in pb) for the processes e+e− → µ+µ−(γ) and e+e− →
τ+τ−(γ) at 183 GeV and 189 GeV in bins of cos θ, compared to their Standard
Model predictions. Statistical and systematic uncertainties are combined.
cos θ range 182.7 GeV SM 188.7 GeV SM
[-0.719,-0.575] 0.404±0.157 0.306 0.167±0.075 0.290
[-0.575,-0.432] 0.306±0.115 0.352 0.300±0.065 0.344
[-0.432,-0.288] 0.532±0.127 0.433 0.526±0.070 0.395
[-0.288,-0.144] 0.539±0.122 0.532 0.524±0.067 0.488
[-0.144, 0.000] 0.930±0.153 0.712 0.708±0.075 0.664
[ 0.000, 0.144] 0.930±0.153 1.028 0.973±0.087 0.956
[ 0.144, 0.288] 1.638±0.199 1.609 1.405±0.103 1.509
[ 0.288, 0.432] 2.779±0.259 2.810 2.561±0.139 2.607
[ 0.432, 0.575] 5.025±0.347 5.350 5.054±0.194 5.003
[ 0.575, 0.719] 12.39±0.54 11.91 11.23±0.29 11.16
Table 5: Cross sections (in pb) for ζ < 25◦ for the process e+e− → e+e−(γ) at
183 GeV and 189 GeV in bins of cos θ, compared to their Standard Model predictions.
Statistical and systematic uncertainties are combined.
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Figure 1: (a) The total visible energy normalised to the centre-of-mass energy,√
s, for the selection of e+e− → hadrons(γ) events, (b) highest muon momentum
normalised to the beam energy for the selection of e+e− → µ+µ−(γ) events, (c)
highest tau jet energy normalised to the beam energy for the selection of e+e− →
τ+τ−(γ) events, and (d) highest electron energy normalised to the beam energy for
the selection of e+e− → e+e−(γ) events.
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Figure 2: The reconstructed effective centre-of-mass energy,
√
s′, for the selection
of (a) e+e− → hadrons(γ) events, (b) e+e− → µ+µ−(γ) events, (c) e+e− → τ+τ−(γ)
events, and the reconstructed acollinearity angle for (d) e+e− → e+e−(γ) events.
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Figure 3: Cross sections of the process e+e− → hadrons(γ), for the inclusive (solid
symbols) and the high-energy sample (open symbols). The Standard Model predic-
tions are shown as a solid line for the inclusive sample and as a dashed line for the
high-energy sample. The lower plot shows the ratio of measured and predicted cross
sections.
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Figure 4: Cross sections (a) and forward-backward asymmetries (b) of the processes
e+e− → µ+µ−(γ) and e+e− → τ+τ−(γ) for the inclusive (solid symbols) and the
high-energy sample (open symbols). The Standard Model predictions are shown as
a solid line for the inclusive sample and as a dashed line for the high-energy sample.
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Figure 5: Differential cross section for the inclusive (solid symbols) and high-energy
(open symbols) event samples, for the processes e+e− → µ+µ−(γ) and e+e− →
τ+τ−(γ) at
√
s = 189 GeV. The lines indicate the Standard Model predictions.
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Figure 6: Cross sections (a) and forward-backward asymmetries (b) of the process
e+e− → e+e−(γ) for the inclusive (solid symbols) and the high-energy sample (open
symbols). The Standard Model predictions are shown as a solid line for the inclusive
sample and as a dashed line for the high-energy sample. The two electrons are
required to be inside 44◦ < θ < 136◦.
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Figure 7: Differential cross section for the high-energy event sample, for the pro-
cess e+e− → e+e−(γ) at √s = 189 GeV. The line indicates the Standard Model
prediction.
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